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Edited by Maurice MontalAbstract The activity of voltage-gated calcium channels
(VGCCs) decreases with time in whole-cell and inside-out
patch-clamp recordings. In this study we found that substituting
a single amino acid (I1520) at the intracellular end of IIIS6 in
the a1 subunit of P/Q-type Ca
2+ channels with histidine or
aspartate greatly attenuated channel rundown in inside-out
patch-clamp recordings. The homologous mutations also slowed
rundown of N- and L-type Ca2+ channels, albeit to a lesser de-
gree. In P/Q-type channels, the attenuation of rundown is
accompanied by an increased apparent aﬃnity for phosphatidyl-
inositol-4,5-bisphosphate, which has been shown to be critical for
maintaining Ca2+ channel activity [L. Wu, C.S. Bauer, X.-G.
Zhen, C. Xie, J. Yang, Dual regulation of voltage-gated calcium
channels by PtdIns(4,5)P2. Nature 419 (2002) 947–952]. Fur-
thermore, the histidine mutation signiﬁcantly stabilized the open
state, making the channels easier to open, slower to close, harder
to inactivate and faster to recover from inactivation. Our ﬁnding
that mutation of a single amino acid can greatly attenuate run-
down provides an easy and eﬃcient way to slow the rundown
of VGCCs, facilitating functional studies that require direct
access to the cytoplasmic side of the channel.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Voltage-gated Ca2+ channels (VGCCs) are subject to exten-
sive regulation in cells [2]. Their activity decreases spontane-
ously over time in whole-cell or cell-free recordings. This
phenomenon, called ‘‘rundown’’, is a common feature shared
by a number of ion channels, including certain types of Na+,
K+ and Cl channels and NMDA and GABAA receptors
[3,4]. Except for the low voltage-activated T-type Ca2+chan-
nels, all high voltage-activated Ca2+ channels, including
L-, N-, P/Q- and R-type channels, show rapid rundown in
whole-cell and cell-free conﬁgurations [5–10]. Extensive eﬀorts
have been devoted to studying the mechanisms of rundown of
these channels, since a better understanding of this phenome-
non could greatly facilitate experimental studies of these chan-*Corresponding author. Fax: +1 212 531 0425.
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doi:10.1016/j.febslet.2006.09.027nels and help delineate how they are regulated in intact cells.
Several mechanisms have been suggested for rundown of
VGCCs, including proteolysis [11–15] and dephosphorylation
of PKA-mediated phosphorylation [16–19]. Recent work
shows that phosphatidylinositol-4,5-bisphosphate (PIP2) can
greatly stabilize the activity of P/Q-type, and to a lesser degree,
N- and L-type Ca2+ channels [1,20]. This ﬁnding has been cap-
italized to perform functional studies on VGCCs that require
direct access to and extensive perfusion of the cytoplasmic side
of the channel [21,22]. In this study, we report another strategy
to dramatically attenuate rundown of VGCCs by mutating a
single amino acid in the a1 subunit.2. Materials and methods
2.1. Molecular biology and oocyte expression
Rabbit brain Cav2.1, Cav2.2, cardiac muscle Cav1.2 and rabbit skel-
etal muscle a2d were cloned in an oocyte expression vector, pGEMHE,
or one of its variants. Rat brain b4 subunit was cloned in the Bluescript
SK vector. Site-directed mutations were generated by PCR mutagene-
sis and were conﬁrmed by sequencing. cRNA for all constructs (WT
a1, mutant a1, a2d and b4 subunits) were transcribed in vitro using
T7 polymerase after linearization. The a1, a2d and b4 cRNA were in-
jected into Xenopus oocytes with a total concentration of 0.5 lg/ll
(ratio a1:a2d:b2a = 5:5:4) and a volume of 50 nl per oocyte. Oocytes
were prepared and maintained as described [23].2.2. Electrophysiology
Whole-cell currents recorded with two-electrode voltage-clamp with
the OC-725C oocyte clamp ampliﬁer (Warner Instruments) were used
mainly for checking the functional expression of channels in oocytes.
Procedures and protocols were as described [1]. All patch-clamp
recordings were performed with the Axopatch 200A ampliﬁer (Axon
Instruments, Sunnyvale, CA). Currents were ﬁltered at 2 kHz, digitized
at 10–50 kHz. Oocyte was bathed in a control solution containing (in
mM) 125 KCl, 4 NaCl, 10 HEPES, 10 EGTA (pH 7.3 with KOH). In
all run-down and MARCKS peptide experiments, macroscopic cur-
rents were recorded using the inside-out patch conﬁguration. Record-
ing glass pipettes pulled from pyrex glass tubes (Corning, Acton, MA)
were ﬁlled with a solution of (in mM) 85 BaCl2, 10 HEPES (pH 7.3
with KOH) and had a resistance of 0.2–0.3 MX. Currents were evoked
from a holding potential of 80 mV every 1.5 s by depolarizations of
6–8 ms from 30 mV to +100 mV in 10-mV increments, followed by a
30-ms repolarization to 30 mV. When some channel properties (acti-
vation, inactivation and deactivation) of the WT and I1520H mutant
channels were examined, recording pipettes were ﬁlled with a solution
containing (in mM) 45 BaCl2, 80 KCl and 10 HEPES (pH 7.3 with
KOH). In these experiments, the currents were obtained from the
cell-attached conﬁguration. To eliminate contamination from the Cl
current mediated by the endogenous Ca2+-activated Cl channels, 50
nl of 50 mM BAPTA (Sigma, St. Louis, MO) was injected into the
oocyte 10–30 min prior to the experiment. MARCKS peptide was
synthesized by Global Peptide Services (Ft. Collins, Co). Its sequence
is NH2-KKKKKRFS FKKSFKLSGFSFKKNKK-COOH. Stockblished by Elsevier B.V. All rights reserved.
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20 C and was diluted in the control solution before every applica-
tion. MARCKS peptide was applied until its inhibition could not be
distinguished from the intrinsic rundown of the current. Experiments
were carried out at 21–23 C.
2.3. Data analysis
Data acquisition and analysis were performed using pClamp8 (Axon
Instruments) on a PC through a Digidata 1200 interface. The time
course of decay of the tail currents after patch excision was ﬁtted with
a single exponential function. T50 was calculated based on the ﬁtting
and deﬁned as the time for the current to decay to 50% of its starting
value. Speed of rundown was also quantiﬁed as the remaining tail cur-
rent after 10 min perfusion for P/Q-type channels and 3 min perfusion
for N-type and L-type channels. The eﬀect of MARCKS peptide was
calculated from the tail currents after +100 mV depolarization ob-
tained before application and after washout of the peptide. Data are
represented as means ± S.D. (number of observations). Signiﬁcance
was determined using the Kruskal–Wallis test with Bonferroni correc-
tion. No statistical analysis was performed if the number of observa-
tion was less than 5. No corrections were made for leakage current,
which was negligible in macropatch recordings.3. Results
3.1. Mutations of a single residue in IIIS6 reduce rundown of
P/Q-type channels
The activity of P/Q-, N- and L-type Ca2+ channels stayed
constant in the cell-attached mode but underwent rapid run-
down upon inside-out patch excision. In our previous study
of P/Q-type channel inner pore [21], we found a cysteine muta-
tion in the CaV2.1 a1 subunit that could greatly reduce run-
down in inside-out patches. This amino acid, I1520, is
located at the intracellular end of IIIS6 (Fig. 1A), near the
putative membrane/cytoplasm interface (Fig. 1B). To obtain
better mechanistic understanding of why and how the
I1520C mutation aﬀected rundown, we systemically mutatedFig. 1. Amino acid sequences and transmembrane topology of the a1
subunit of voltage-gated Ca2+ channels. (A) Amino acid sequences of
the S6 segments in the four repeats of Cav2.1 subunit and the S6
segment in the third repeat of Cav2.2 and Cav1.2 subunit. I1520 in
Cav2.1 and homologous residues in Cav2.2 and Cav1.2 are shown in
italics. (B) Putative transmembrane topology of the a1 subunit of
voltage-gated Ca2+ channels. The black dot at the intracellular end of
IIIS6 shows the putative location of I1520.this isoleucine to all the other 18 amino acids and examined
their eﬀects on channel rundown. All mutant channels, except
I1520K and I1520R, were functional.
Using the tail current after a depolarization to +100 mV
(Itail(+100 mV)) as a readout of the total number of functional
channels, we could faithfully measure the time course of run-
down (Fig. 2A–C), as reported previously [1,20]. The extent
of rundown was quantiﬁed as the remaining Itail(+100 mV) after
10 min perfusion with a control solution. The current of the
WT channels decayed quickly, to 38.2% of its starting value
(i.e., current obtained immediately after patch excision)
10 min after patch-excision (Fig. 2A and D). In contrast, the
current of the I1520H mutant channels decayed much more
slowly, to 84.0% of its initial value (Fig. 2A and D).
Fig. 2D shows the relative extent of rundown of all func-
tional mutant channels compared with that of the WT channel.
With the exception of the leucine and methionine mutations,
all mutations appeared to attenuate rundown by varying de-
grees. We focused on the histidine and aspartate mutations
in later studies because they were among the two most eﬀective
mutations and their side-chains carry opposite charges.
We next examined the eﬀect on channel rundown of the his-
tidine mutation at the homologous positions (S360, V714 and
M1820, Fig. 1A) in the S6 segment of other three repeats.
Interestingly, S360H, V714H and M1820H had no signiﬁcant
eﬀect on rundown of P/Q-type channels (data not shown).
Thus, the eﬀect of I1520H appears to be speciﬁc for IIIS6.3.2. Homologous mutations in N- and L-type channels also
reduce rundown
We also examined whether histidine and aspartate mutations
at the homologous positions of N- and L-type channels also re-
tarded rundown of these channels (Fig. 1A). Because N- and
L-type channels rundown much faster than P/Q-type channels
do, their rundown was quantiﬁed as the remaining Itail(+100 mV)
after 3 min perfusion, or as T50, the time required for
Itail(+100 mV) to decay to 50% of its starting value immediately
after patch excision. The aspartate mutation, but not the
histidine mutation, reduced N-type channel rundown
(Fig. 2E and F). On the other hand, both mutations attenuated
L-type channel rundown (Fig. 2G and H).3.3. Mutations that reduce rundown increase the apparent
aﬃnity for PIP2
We then explored possible mechanisms of attenuation of
rundown caused by I1520 mutations in P/Q-type channels. Be-
cause phosphatidylinositol-4,5-bisphosphate (PIP2) is essential
for maintaining Ca2+ channel activity ([1,20]), we examined the
eﬀect of removing PIP2 on the WT and I1520H and I1520D
mutant P/Q-type channels by applying a PIP2-sequestering re-
agent to the intracellular side of the channels. This sequester-
ing reagent is a peptide from the protein ‘‘myristoylated
alanine-rich protein kinase C substrate’’ (MARCKS), which
has been shown to sequester PIP2, mainly through nonspeciﬁc
electrostatic interactions between negatively charged PIP2 and
a basic region that contains a large number of positively
charged amino acids. A peptide corresponding to this basic do-
main, residue 151–175 (NH2-KKKKKRFSFKKSFKLSGFS-
FKKNKK-COOH), has the same function as the whole
protein [24]. We thus used this MARCKS peptide to sequester
PIP2 in the membrane. As expected, the MARCKS peptide
Fig. 2. Mutations of I1520 in P/Q-type or homologous positions in N- and L-type channels aﬀect their rundown. (A) Representative time course of
rundown of Itail(+100 mV) of the WT P/Q-type channel (d) and I1520H mutant channel (s) in a control solution. Currents are normalized to that
obtained immediately after patch excision. (B), (C) Representative current traces for the WT and I1520H mutant channel, taken at the time points
indicated in (A). In this and the following ﬁgures, channels were activated by depolarization to +100 mV from a holding potential of 80 mV. Tail
currents were recorded at 30 mV and were shown on an expanded time scale. (D) Remaining Itail(+100 mV) of the WT and all functional mutant
channels after 10-min perfusion in a control solution. Error bar represents S.D. and the number in parenthesis represents number of recordings for
each channel type. The histidine, aspartate, alanine and cysteine mutants are signiﬁcantly diﬀerent from the WT (P < 0.01) but the leucine mutant is
not. No statistical analysis was performed on the other mutants due to the small number of observations. (E), (G) Remaining Itail(+100 mV) of the WT
and mutant N-type (E) and L-type (G) channels after 3-min perfusion in a control solution. (F), (H) T50 for decay of Itail(+100 mV) of the WT and
mutant N-type (F) and L-type (H) channels (**P < 0.001).
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(Fig. 3A). However, while 3 lM peptide inhibited 74.1 ±
8.8% (n = 10) of the WT channel current, 100 lM peptide
inhibited only 38.6 ± 12.1% (n = 8) of the I1520H channel
current. The dose–response curve of the mutant channel was
greatly shifted rightward compared with that of the WT chan-
nel (Fig. 3B), indicating that the apparent PIP2 binding aﬃnity
was markedly increased in the mutant. Similar results were ob-
tained for the I1520D mutant (Fig. 3B). These results indicate
that the mutant channels still need PIP2 to maintain their
activity, but they have a higher apparent aﬃnity for PIP2.
The attenuation eﬀect on rundown of the histidine and
aspartate mutations and PIP2 appears non-additive, since
application of PIP2 to the mutant channels did not further de-
crease rundown of N-, L- as well as P/Q-type channels (data
not shown).
3.4. I1520H mutation changes channel biophysical properties
I1520 is strategically situated at the intracellular end of the
IIIS6 segment, which together with the S6 segment of the other
three repeats forms the inner pore [21]. Single mutations at
IIIS6 as well as at other S6 segments have been shown togreatly aﬀect inactivation [21,25–30]. Furthermore, the activa-
tion gate is located at or near the membrane/cytoplasm inter-
face [22]. We therefore examined the eﬀect of the I1520H
mutation on a host of activation and inactivation properties
(Fig. 4). Not surprisingly, there were indeed signiﬁcant
changes. The half activation voltage (V1/2) was shifted from
13.8 ± 2.4 mV (n = 10) in the WT channel to 0.6 ± 3.9 mV
(n = 8) in the mutant channel, while the slope factor (k)
remained similar (7.9 ± 0.6 mV (n = 10) in WT and 6.1 ±
0.8 mV (n = 8) in I1520H, respectively). Although the
activation kinetics at a given voltage is the same (Fig. 4B),
the deactivation kinetics is slower in the mutant channel
(Fig. 4C). The mutant channels also became more resistant
to inactivation (Fig. 4D and E). The mid-point voltage and
slope factor of steady-state inactivation were 24.1 ± 4.8 mV
and 8.5 ± 2.5 mV (n = 10) for the WT channel and
20.4 ± 4.5 mV and 4.9 ± 1.0 mV (n = 10) for the I1520H
mutant channel, respectively (Fig. 4D). At +20 mV, the time
for 50% inactivation was 0.4 ± 0.1 s (n = 10) for WT and
1.4 ± 0.7 s (n = 10) for I1520H (Fig. 4E). Correspondingly,
the mutant channels recovered more quickly from inactivation
than did the WT channels (Fig. 4F).
Fig. 3. Inhibition of WT and I1520 mutant P/Q Ca2+ channels by MARCKS peptide. (A) Inhibition of Itail(+100 mV) of the WT channel by
intracellular application of 3 lM MARCKS peptide. (B) Representative current traces for the WT and histidine and aspartate mutant channels.
Traces a and b were taken immediately before and after application of MARCKS peptide, respectively, as exempliﬁed in (A). (C) Remaining currents
of the WT and I1520H and I1520D mutant channels after steady-state inhibition by diﬀerent concentrations of MARCKS peptide.
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4.1. Mechanism of attenuation of rundown
Several mechanisms have been suggested to contribute to
Ca2+ channel rundown, including loss of unidentiﬁed cyto-
plasmic factors, reversal of PKA phosphorylation and
Ca2+-dependent proteolysis [5]. Studies on cardiac as well as
neuronal L-type Ca2+ channels show that exposure of the cyto-
plasmic side to reagents that promote PKA phosphorylation,
such as cAMP, Mg-ATP and the catalytic subunit of PKA,
greatly attenuates rundown [5,11,16,31,32]. In some instances,
addition of protease inhibitors such as leupeptin or calpastatin,
in combination with Mg-ATP and/or an unknown cytoplasmic
factor, further stabilizes Ca2+ channel activity and prevents
rundown [5,11,13,33]. However, the stabilizing eﬀect of Mg-
ATP and PKA as well as protease inhibitors is highly variable
and is usually short-lived in inside-out patches. Indeed, results
from a number of studies suggest that neither PKA phosphor-
ylation nor proteolysis plays a critical role in the rundown pro-
cess [5,12,34,35].
Very little is known about the mechanism of rundown of P/
Q- and N-type channels. In general, the molecular and struc-
tural mechanisms of Ca2+ channel rundown at the channel
level are essentially unclear. Three possibilities can be consid-
ered, which are not mutually exclusive. First, the channel
enters a permanent but existing inactivated state. Second, a
new ‘‘rundown’’ gate is formed along the ion conduction path-
way. Third, the voltage sensor and the activation gate are
decoupled. Our results do not directly address or distinguish
among these possibilities. Nevertheless, based on our recent
ﬁnding [22] that the activation gate of VGCCs is located at
the intracellular end of the S6 segments, at or near the mem-
brane/cytoplasm interface where I1520 is situated, we speculate
that some mutations of I1520, such as the histidine mutation,
probably help stabilize the open conformation. Furthermore, a
previous study has shown that the gating current does not
change when the ionic current undergoes rundown, suggestinga disruption of the linkage between the voltage sensor and acti-
vation gate after rundown [19]. Thus, strengthening and/or sta-
bilizing the coupling between the voltage sensor and activation
gate could be a mechanism for the I1520 mutations to counter
rundown. Consistent with this idea, we ﬁnd that the I1520H
mutant channel becomes easier to open (Fig. 4A), slower to
close (Fig. 4C), harder to inactivate (Fig. 4D and E), and faster
to recover from inactivation (Fig. 4F). These changes of bio-
physical properties are not surprising given the strategic loca-
tion of I1520.
At ﬁrst glance, there seems no mechanistic picture emerging
from the amino acid substitutions at position 1520 since res-
idues that appear able to attenuate rundown can be either
large or small, hydrophilic or hydrophobic, negatively
charged or positively charged (Fig. 2D). But if one looks at
the results from a diﬀerent perspective, one ﬁnds that three
residues at this position, isoleucine (WT), leucine and methi-
onine, tend to make the channels rundown faster (Fig. 2D).
A common property of these three residues is that they are
hydrophobic. It is therefore tempting to speculate that hydro-
phobic interactions formed between the amino acid at posi-
tion 1520 and its yet unknown partners play a key role in
facilitating channel rundown, and such interactions can only
be produced by a hydrophobic residue of certain size at this
position.
Another possible mechanism for some I1520 mutations to
attenuate rundown is to increase the actual aﬃnity of the mu-
tant channels for PIP2, which is required for maintaining the
activity of VGCCs [1,20]. This possibility, however, seems un-
likely since, as a hydrophobic residue, I1520 is unlikely to be
directly involved in binding PIP2. Furthermore, substitutions
with diﬀerent types of amino acids, including not only histi-
dine, but also cysteines, alanine and even negatively charged
aspartate (which would repel the negatively charged PIP2),
were able to reduce channel rundown (Fig. 2D). The apparent
enhanced interaction with PIP2 for the I1520H and I1520D
mutants is thus most likely an allosteric eﬀect.
Fig. 4. Comparison of biophysical properties of WT and I1520H
mutant P/Q Ca2+ channels. (A) Voltage-dependence of activation.
Currents were evoked from a holding potential of 80 mV every 3 s by
10-ms depolarizations ranging from 40 mV to +100 mV in 10-mV
increment, followed by a 15-ms repolarization to 30 mV. Data points
represent normalized tail currents recorded at 30 mV. All activation
curves were well ﬁtted by a Boltzmann function. (B) Activation time
constants at diﬀerent test potentials, obtained by ﬁtting the activation
phase with a single exponential function (n = 10). (C) Deactivation
kinetics. Channels were activated by a 20-ms prepulse to +100 mV and
deactivation was measured by the decay of the tail current recorded at
various repolarizing test potentials, ranging from 80 mV to 0 mV in
10-mV steps. The decay phase was ﬁtted with a single exponential
function. Deactivation time constants at diﬀerent test potentials are
plotted. (D) Voltage-dependence of inactivation. Steady-state inacti-
vation was determined by a three-pulse protocol in which a 20-ms
normalizing pulse to +20 mV (pulse A) was followed sequentially by a
25-s conditioning pulse (ranging from 60 mV to +40 mV) and a 20-
ms test pulse to +20 mV (pulse B). The holding potential was 100 mV
and interval between each protocol was 2 min. Peak current evoked by
pulse B was normalized by that evoked by pulse A and was plotted
against the conditioning potentials. (E) Inactivation kinetics. Current
was evoked by a 25-s step depolarization to +20 mV from a holding
potential of 100 mV. (F) Kinetics of recovery from inactivation. To
obtain the time course of recovery, a control test pulse to +30 mV
(pulse #1) was followed by a 4-s conditioning pulse to +30 mV. After
varying durations ranging from 10 ms to 96 s at 80 mV, a test pulse
to +30 mV (pulse #2) was given again. Recovery was quantiﬁed by
normalizing the peak current evoked by pulse #2 with that evoked by
pulse #1 and plotting it against the recovery duration. The time course
was generally ﬁtted well by the sum of two exponential functions. sfast
and sslow are 0.11 ± 0.01 s and 7.3 ± 0.8 s (n = 10) for the I1520H
channel, and 0.47 ± 0.05 s and 12.5 ± 0.7 s (n = 10) for the WT.
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For P/Q-type channels, the attenuation of rundown by the
I1520H and I1520D mutations is much stronger and more reli-
able than that achieved by bath application of PIP2 and Mg-
ATP [1]. The eﬀect of analogous mutations in N- and L-type
channels is less dramatic, but it is still much more robust than
that of PIP2. Furthermore, addition of PIP2 can produce signif-
icant shift in the voltage-dependence of activation, especially in
the absence of reagents promoting PKA phosphorylation [1].
In practice, introducing a single amino acid mutation is more
convenient and reliable than applying Mg-ATP and PIP2 in
every patch and is also more economical. Thus, these mutant
channels could be useful for functional studies on VGCCs that
would beneﬁt from a direct access to the cytoplasmic side of the
channels, especially in inside-out membrane patches. Admit-
tedly, the utility of these channels is complicated and limited
by the fact that they not only display much slower rundown
but also exhibit signiﬁcantly altered biophysical properties.
However, the histidine and aspartate mutant channels still dem-
onstrate more or less proper voltage-dependent gating, so for
those studies where the absolute value of the activation and
inactivation properties is not the primary concern, such as stud-
ies of channel modulation by intracellular proteins, factors and
second messengers, these mutant channels could prove to be
highly beneﬁcial.Acknowledgements: We thank Y. Mori for Cav2.1 and Cav2.2 cDNAs,
T. Tanabe for Cav1.2 and a2d cDNAs, and E. Perez-Reyes for
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